Correlations between male phenotype and female investment in offspring size or number may result from either male influences or female responses to male phenotype. Theory has predicted that females may invest differentially in response to mate attractiveness either to take advantage of her partner's attractiveness or to compensate for it. The outcome can depend on the female's expected future fitness. Empirical evidence also suggests that females adjust offspring size or fecundity according to the genetic or phenotypic traits of the male. Though the role of future fitness in empirical results is often difficult to assess, female experience has been shown to influence reproductive investment. This result could indicate that experience informs the female's assessment of current and future mating opportunities (i.e., expected future fitness). Here, we tested whether female experience and mate attractiveness affected offspring size and number in sheepshead swordtails. We manipulated mate attractiveness by feeding males different diets, as females have been shown to prefer well-fed males. We found that females exposed to well-fed males, and then mated to poorly fed males, produced the largest offspring. Clutch size increased more rapidly with female size for females with mates on a poor diet, independent of female experience. Our results suggest that swordtail females elevate their investment in offspring size and number when mated to poorly fed males. These results demonstrate that maternal investment can be influenced by female social environment and experience, with underappreciated consequences for offspring fitness.
Correlations between male phenotype and female investment in offspring size or number may result from either male influences or female responses to male phenotype. Theory has predicted that females may invest differentially in response to mate attractiveness either to take advantage of her partner's attractiveness or to compensate for it. The outcome can depend on the female's expected future fitness. Empirical evidence also suggests that females adjust offspring size or fecundity according to the genetic or phenotypic traits of the male. Though the role of future fitness in empirical results is often difficult to assess, female experience has been shown to influence reproductive investment. This result could indicate that experience informs the female's assessment of current and future mating opportunities (i.e., expected future fitness). Here, we tested whether female experience and mate attractiveness affected offspring size and number in sheepshead swordtails. We manipulated mate attractiveness by feeding males different diets, as females have been shown to prefer well-fed males. We found that females exposed to well-fed males, and then mated to poorly fed males, produced the largest offspring. Clutch size increased more rapidly with female size for females with mates on a poor diet, independent of female experience. Our results suggest that swordtail females elevate their investment in offspring size and number when mated to poorly fed males. These results demonstrate that maternal investment can be influenced by female social environment and experience, with underappreciated consequences for offspring fitness. Key words: condition dependence, differential allocation, maternal effect, reproductive compensation, Xiphophorus. [Behav Ecol] IntRoductIon L ife-history theory predicts that an individual will trade off its current reproductive investment against future reproduction according to its expected future reproductive success (Williams 1966; Stearns 1992) . Individuals of both sexes may change their investment in reproduction according to this trade-off, for example, by altering parental care or provisioning of eggs. Initially, life-history models focused on the effects of mortality on parental investment (Williams 1966; Stearns 1992) . However, theory and data have also shown that individual reproductive investment may vary with the phenotype or genotype of the mate (Burley 1986; Sheldon 2000; Gowaty et al. 2007) , usually the male (but see Paczolt and Jones 2010) . Additional evidence suggests that a female's experience can affect her mating preference (Verzijden and Rosenthal 2011) and could influence her investment (Rutstein et al. 2005 ). Therefore, a female's reproductive investment may depend on whether a female perceives her mate as preferred (attractive) or nonpreferred (unattractive).
Researchers have found that a female's mate preference can lead to differential investment in fecundity, egg size, or care of offspring, resulting in a correlation between mate attractiveness and female reproductive effort (Burley 1986; Sheldon 2000; Kolm and Olsson 2003; Evans et al. 2010; Braga Gonçalves et al. 2010; Ratikainen and Kokko 2010) . Two alternative hypotheses yield contrasting predictions for the direction of this correlation. The differential allocation hypothesis predicts a positive increase in reproductive investment in response to a more attractive mate (Burley 1986; Kempenaers and Sheldon 1997; Sheldon 2000; Harris and Uller 2009) . Multiple studies have found support for this hypothesis (recently reviewed in Stiver and Alonzo 2009; Pischedda et al. 2011) . In contrast, the reproductive compensation hypothesis proposes that a female will adjust her investment according to mate complementarity, such as genetic compatibility (Gowaty 2003; Gowaty 2008; Harris and Uller 2009) . When a female's mate negatively affects offspring viability (i.e., mate choice is constrained), the female might respond by increasing investment, thereby compensating for negative male effects on offspring fitness. This idea has been extended beyond the strict interpretation of Gowaty (2008) to predict that females may increase reproductive investment to compensate for her mate's unattractiveness (Harris and Uller 2009; Ratikainen and Kokko 2010) . In other words, females could increase reproductive investment in response to perceived mate attributes just as they respond to other environmental variables (such as juvenile density). Reproductive investment patterns that are consistent with this type of compensatory investment have been documented in diverse taxa (dung beetles: Kotiaho et al. 2003; mallards: Bluhm and Gowaty 2004; zebra finches: Bolund et al. 2009; pipefish: Braga Gonçalves et al. 2010) .
Recent reviews of this topic suggest that differential allocation and reproductive compensation are essentially 2 extremes of a continuum of maternal investment tactics (Harris and Uller 2009; Ratikainen and Kokko 2010) . In the first quantitative model of differential reproductive investment, Harris and Uller (2009) showed that both positive differential allocation and compensation are predicted to evolve for some fitness scenarios, depending on maternal condition and age. In general, their model predicted differential allocation to be more common than compensatory allocation. Although this model was an important first step toward understanding the evolution of differential investment, the model predicted differences in total reproductive effort alone; the theory does not predict whether differential investment will affect offspring size or number or both. In contrast, empirical studies have used various measures of differential allocation or compensation, including differences in offspring size, offspring number, or other proxies of offspring fitness (such as protein content). Here, we clarify how these different empirical responses can be explained by theory. We begin by reviewing the selective mechanisms that could lead to differential investment in offspring size and number.
Females are predicted to package current reproductive effort between offspring size and number in order to maximize female fitness. The predicted size of offspring depends on the relationship between offspring size and offspring fitness; typically maternal fitness will be maximized at an intermediate level of per-offspring investment (Smith and Fretwell 1974) . However, paternal effects, including direct or indirect benefits, can also affect the relationship between offspring size and fitness. These effects could cause female investment to vary with male phenotype (Table 1) .
Theory, therefore, predicts that female could increase her total reproductive effort if she is paired with an attractive mate (i.e., differential allocation) to take advantage of paternal effects. However, life-history theory also predicts a female will adjust her reproductive effort according to her expectation of future fitness (Stearns 1992) . If male phenotype is negatively affected by a mechanism (e.g., poor environmental conditions) that also reduces a female's expected future fitness, the female might adjust fecundity or offspring size accordingly. Therefore, reduced expected fitness could generate a negative correlation between mate attractiveness and fecundity, offspring size, or both (Table 1) .
Females have also been argued to produce larger clutches in order to increase the genetic diversity of their young (Gowaty 2008) . In species facing novel pathogens and parasites in each generation, selection could favor females who produce genetically diverse young. When constrained to mate with a single nonpreferred male (e.g., of low genetic diversity or high similarity to the females), females may respond by increasing clutch size (Gowaty et al. 2007; Gowaty 2008) . This mechanism could favor increased current reproductive effort in females mated to a less-attractive male, leading to a negative correlation between clutch size and mate attractiveness (Table 1 ). This response is only credible in situations where multiple mating is precluded by male-male interactions, such as mate-guarding, male coercion of females (Gowaty et al. 2007 ). It could also occur in species with reverse sex roles, if females have little opportunity to choose partners. If unconstrained, females can increase genetic diversity by mating with multiple males.
Motivated by these predictions, we examined female allocation to offspring size and number in a polyandrous fish. We note that the role of expected future fitness is often difficult to quantify in empirical studies of maternal investment, but it has important consequences for the predicted outcomes for reproductive effort. One way to manipulate a female's expected future fitness is to manipulate her social experience. For example, a female exposed to a given range of male phenotypes could use that experience when assessing the attractiveness of any subsequent males. The female could perceive a mate as attractive, or not, depending on her prior exposure to a range of male phenotypes. She may also use mate attractiveness as an indication of her future reproductive prospects. To investigate these potential influences on maternal investment, we asked how both female experience and mate attractiveness affect offspring size and number in a well-studied species of livebearing fish.
ExpERImEntAl mEtHodS
In order to examine how variation in female experience and mate attractiveness jointly affect offspring size and number, we studied the sheepshead swordtail (Xiphophorus birchmanni). This species was ideal for our question as female mating preferences are well characterized Rosenthal 2006a, 2006b; Fisher et al. 2009) , and maternal investment is simple to quantify, as young are born live and do not receive parental care. As we aimed to distinguish positive and negative female allocation responses, we manipulated both male phenotype and female experience of male phenotypes. By manipulating male phenotype experimentally, we created attractive and unattractive males based on a consensus preference of female X. birchmanni for well-fed males (Fisher and Rosenthal 2006a) .
Our objective was to manipulate both the female's experience with mates (which could influence a female's expected fitness) and mate attractiveness (which could affect the "optimal" offspring size; Table 1 ). We used a factorial design in which we exposed females to males given 1 of 2 different diets, and then mated the females with either males on the same diet or the opposite. As we wanted females with similar expected future fitness, save for their experience with males, we used females of similar age and condition. We assumed Each mechanism may generate differential responses in offspring size, number, or both that both social experience and mate attractiveness itself could affect the female's expected fitness. For example, a female that experiences males on a poor diet could perceive well-fed males as attractive because of their good condition. Additionally, she could perceive the change in male condition as an indication that environmental conditions are improving, and thus increase her expectation of future reproductive success.
In our experimental system (described in detail below), we expect few direct benefits of mating. Prior work has demonstrated that female X. birchmanni tend to prefer well-fed males, which could indicate females use male nutritional status as a signal of indirect benefits to offspring fitness (Fisher and Rosenthal 2006a) . Therefore, a female mated to attractive (wellfed) males could increase offspring size or number in order to take advantage of indirect benefits (Table 1) . If females are mated to less-attractive males, an increase in offspring size is consistent with the explanation that the female is compensating for poorer environmental conditions (e.g., increased competition for food among juveniles). However, an increase in number or offspring size in this scenario is also consistent with the explanation that females are uncertain of their future reproductive success (fitness) and consequently investing more in current reproduction (Table 1) . Therefore, discerning which mechanism is responsible for the female's response requires that future fitness be manipulated independently of mate attractiveness. For example, imagine that a female exposed to a group of well-fed males and then mated to a group of poorly fed males produces larger offspring relative to a female exposed and mated to poorly fed males. This difference would be consistent with the hypothesis that the initial exposure to well-fed males lowered the focal female's expectation of future fitness, so she increased her investment in current reproduction.
Study system
Mating preferences of species in the genus Xiphophorus, including swordtails and platyfish, have been studied extensively (see Rosenthal and García de León 2006) . Males and females are found in groups where males face intense male-male competition for females. Females mate multiply (Tatarenkov et al. 2008) and are the subject of intense harassment from males. Our focal species, X. birchmanni, is 1 of 9 species in the northern swordtail clade (Rauchenberger et al. 1990; Culumber et al. 2011) . Female preferences are based on multiple olfactory and visual traits (Fisher and Rosenthal 2006a , 2006b Fisher et al. 2006 Fisher et al. , 2009 and are influenced by male condition and by the female's own condition Rosenthal 2006a, 2006b ). Female preferences may also be influenced by female experience prior to mating (Verzijden and Rosenthal 2011) . Previous work has documented that X. birchmanni females have a consensus preference for well-fed mates (Fisher and Rosenthal 2006a) . Swordtails are livebearers, and maternal reproductive effort can be easily quantified (Basolo and Wagner 2006) . Swordtail embryo mass does not change noticeably during gestation (Wourms 1981) although they are generally categorized as lecithotrophic. It is, therefore, possible that some transfer of nutrients can occur over the course of development (i.e., facultative matrotrophy). Female swordtails are capable of storing sperm, so we used virgin females in our experiment to ensure that females were not allocating to offspring sired by a previous mate.
Rearing laboratory fish
We used the F1 offspring of 20 wild females in this experiment. To obtain F1 fish, we collected gravid females from the Rio Coacuilco in Hidalgo, Mexico in May 2009, and held them individually until their offspring were born in the lab. We reared juveniles in large mixed-sex tanks. Males were isolated from females as soon as we detected maturation of males (indicated by the development of a gonopodium). As females store sperm, it was important to separate individuals by sex as soon as they were mature. Mature fish of both sexes were kept at constant density (20 fish/75 L). Females were fed generous amounts of bloodworms and brine shrimp twice per day.
male diet manipulation
To manipulate male attractiveness, we used males that differed in chronic condition. We obtained differences in condition by manipulating male diet for 4 weeks prior to the start of the experiment. (All male sizes were within the natural range of variation throughout our study.) Once mature, F1 males were randomly assigned to the low-food treatment or the high-food treatment and maintained on their respective diets until the exposure period ended (see below). After the diet manipulation, males from both treatments were similar in standard length and remained so throughout the experiment, as poeciliid males do not grow after maturation (Morris and Ryan 1990) . High-food male tanks received 0.2 g of bloodworms and 0.02 g of decapsulated brine shrimp eggs per tank per day. Low-food male tanks received 0.1 g of bloodworms and 0.01 g of brine shrimp eggs. To minimize variation in water volume, frozen blood worms were thawed, patted dry, weighed, and then refrozen in small ice cube trays.
Female exposure
We next exposed virgin females to males from either the low-or high-food treatment (males were "unattractive" and "attractive", respectively; Rosenthal 2006a, 2006b ). Females were exposed to visual and chemical signals from males, but were restricted from interacting with males to prevent mating. We placed 4 males from a given diet treatment and 5 females in each experimental block (a divided 38-L tank). Dividers were clear acrylic with small holes drilled in a 2.4-cm grid. We had 4 blocks of each exposure type (i.e., we had 8 tanks and 16 high-food males, 16 low-food males, and 40 females in total). We were able to manipulate female exposure while maintaining the male diet (food did not pass through the divider holes). We maintained the exposure treatments for 3 weeks, at which point females appeared to be gravid, indicating unfertilized eggs were beginning to develop.
mating
After the exposure period, females were placed into an undivided 38-L tank along with a small clay structure and 4 unfamiliar males from either the low-food or high-food treatments; males were assigned to new female groups according to their diet during the exposure treatment. These males had been used during the exposure period, but with different females. During the mating part of the experiment, tank densities were equivalent to those in the exposure period; males and females interacted freely, and the fish were fed equal amounts across all treatments twice a day. We had 4 mating treatments: females exposed to low-food males but mated to high-food males; females exposed and mated to low-food males, females exposed to high-food males but mated to lowfood males, and females exposed and mated to high-food males. We had 2 blocks of each of the 4 mating treatments, for a total of 8 tanks and 40 females.
X. birchmanni have a high mating rate and have been shown to mate multiply in wild populations (unpublished data). Therefore, we assumed that every female had the opportunity to mate repeatedly during the 10 days of the exposure treatment. We assumed that provisioning or "yolking up" of eggs was completed after 10 days of the mating treatment. We then euthanized the females and measured their standard length. Eggs were removed from female gonads and counted. If fertilized, embryos were staged; only a subset of females carried fertilized eggs (17 of the 34 females with eggs; 6 females did not produce eggs during our experiment). We dried the eggs at 60 °C for 5 days. Dried egg groups were weighed to the nearest 0.001 g. We calculated average egg mass (per female) by dividing the mass of the egg group by egg number.
Statistical analyses
For all statistical analyses, we used the R statistical language (version 2.13.0; R Development Core Team 2008). We used a generalized linear mixed model (GLMM) to assess our egg size and number data in order to handle covariates and nested effects. Experimental treatments (exposure and mating) were fixed effects and tank replicate (during mating) was a random effect. We did not individually label fish, so we were unable to keep track of exposure tank (as individuals from each exposure tank were randomly assigned to their mating tank). Because we expected fecundity and size to scale allometrically, we included female size (standard length) as a covariate in the model. However, we scaled standard length by subtracting the median length value from each measurement, making the coefficients estimated by our model more informative. We used a Poisson distribution to represent the conditional distribution of the response variable. This method uses a log-link function to transform the expected value of the dependent variable to the linear predictor (Fox 1997) . We used the likelihood ratio test to find the best model.
RESultS

offspring size
The full GLMM of effects of treatment on egg dry weight (offspring size) estimated mating tank effects (blocks) to be zero, allowing this variable to be dropped from subsequent analyses. As we assumed offspring sizes were normally distributed, our GLMM was a standard Anova. We did not find that female size was significantly associated with offspring size (although it was correlated with fecundity; see below). Based on a likelihood ratio test, the best model included female exposure, mating, and their interaction (Table 2 and Figure 2) . In this best model, the interaction of exposure and mating is significant (P = 0.013). This interaction is driven by the fact that females exposed to high-food males and then mated to lowfood males increased their investment in offspring size relative to females exposed and mated to low-food males (Tukey's honestly significant difference [HSD] test: P = 0.0097) and females exposed and mated to high-food males (Tukey's HSD test: P = 0.018).
Fecundity
We used a similar approach to examine the effects of exposure and mating treatment on egg number. Again, mating tank effects were estimated to be zero and were dropped from further analysis. We found that the best model included female length, mating, and their interaction; this model was superior to all models including exposure (Table 2) . We found a significant relationship between female length and fecundity (P < 0.0001). We also found a significant interaction between length and mating male type (P = 0.026). The significant interaction indicates that fecundity increased more rapidly with female standard length among females mated to low-food males than it did among females mated to highfood males (Figure 2 ). By chance, the 2 smallest females in our study were in the low-food mating group and the 2 largest in the high-food mating group. It is, therefore, possible that female size ranges, which did not fully overlap, drove the significant interaction with female size in the 2 mating treatments. To explore this possibility, we removed the smallest 2 females and the largest 2 females from our analysis; we found a similar trend of increased fecundity among larger females mated with low-food males although it was no longer statistically significant.
dIScuSSIon
Females often adjust their reproductive allocation in response to their social environment, and in particular, to the attractiveness of their mate (Burley 1986; Sheldon 2000) . In recent years, this phenomenon has received increased empirical and theoretical attention (Gowaty 2008; Harris and Uller 2009; Ratikainen and Kokko 2010) . Here, we explored the joint effect of experience and mate attractiveness on offspring size and number in swordtails. We based our experimental design on the previously demonstrated female preference for cues produced by well-fed males Rosenthal 2006a, 2006b ). Therefore, we assumed that females are able to discriminate among males on different diets, and have an inherent preference for well-fed males, because well-fed males are likely to produce offspring with higher fitness. Our study objective was to tease apart the effects of expected fitness (as affected by social experience) and mate attractiveness on female investment in offspring size and number. We manipulated male attractiveness (based on the consensus preference for well-fed males) and female experience prior to mating. We found that females increased offspring size when mated with poorly fed males if they were previously exposed to well-fed males (Figure 1) . Furthermore, we observed that fecundity increases more rapidly with female length in females mated with poorly fed males (Figure 2 ) than Analyses include offspring size and number. Model effects are added one at a time. For egg dry mass, P values are generated using F tests. For fecundity, P values are generated using a chi-squared test, as we assumed a Poisson distribution of error. Although it would be possible to remove the 3-way interaction (as it is nonsignificant), we have chosen to leave it in for completeness (and it does not change the outcome). Significant values are given in bold.
in females that were mated with well-fed mates, regardless of their experience.
Our results are consistent with the prediction that females will increase their allocation to offspring size if they perceive their mate as poor, in order to compensate for reduced viability (e.g., due to weak indirect benefits). These results also support the hypothesis that females with poorly fed mates discount future fitness more than females with well-fed mates and respond by elevating their reproductive effort (Table 1 , second row). This pattern is predicted to arise if poorly fed mates are more likely to be parasitized (Gowaty 2008) , or if male condition indicates that offspring will experience poor environmental conditions.
We observed an unexpected interaction between female standard length and her response to mate attractiveness. In general, we found that fecundity was related to female length, which may indicate a reproductive constraint in small females. Furthermore, we found that fecundity increased faster with length in females mated to low-food males than with females mated to high-food males. This pattern could arise if small females mated to low-food males were physically constrained from producing more offspring, but larger females in the same treatment increased clutch sizes (relative to females mated to well-fed males) because of reduced expected future fitness (Table 1 , second row), or an advantage of increased genetic diversity among offspring (Table 1 , third row). In contrast, females with well-fed mates might anticipate greater expected reproductive success, and thus chose to conserve their resources for future reproductive events. This result suggests that in livebearing species, studies of differential female investment should account for female size, which may constrain female responses.
In our species, we must consider the possibility that males manipulate female investment during mating, as fertilization is internal. Although there is little data on the potential for male swordtails to manipulate females, swordtails do have internal fertilization, and so male effects cannot be ruled out. However, when we compare fertilized embryos and unfertilized eggs, we find that egg dry mass does not vary consistently among these groups. This suggests that effects of the male genome on offspring dry mass are minimal during early development.
Few other studies have separated the effects of female exposure to males from the effects of mating (but see Kolm and Olsson 2003) . Our results suggest that females may gather information from the social context they experience prior to mating. Furthermore, our study differs from previous work on differential allocation in that we did not compare investment of females mated twice, first to one type of male and then to the opposite type (i.e., a crossover design). This approach avoids confounding effects of mating that may have affected previous studies, which have compared sequential female allocation after mating (Rutstein et al. 2004; Schafer et al. 2008) .
Several studies of poeciliids have shown that the social environment a female experiences can affect swordtail mating preferences (Royle et al. 2008; Verzijden and Rosenthal 2011; Verzijden et al. 2012) . Social context has also been shown to influence age at maturation (Walling et al. 2010) . However, few studies of poeciliids have shown that female experience can lead to differences in offspring size and number. Our finding is a novel explanation for variation in these traits among females living in the same environment. Furthermore, we found that including female size in our analysis revealed a relationship between mating treatment and female fecundity. This result suggests that female size (or traits correlated with size) may conceal positive differential allocation or compensation in offspring size or number among females in the same population. Harris and Uller (2009) predicted that in species with biparental care, female compensation is expected only when extra female investment yields relatively small increases in offspring fitness because in that case a female investing the same quantity of energy will see a greater return on her investment with a "low-quality" male (in contrast, with a "high-quality" male, extra female investment does not yield much difference, presumably because offspring fitness is largely determined by the male's contribution; Harris and Uller 2009). Although we do not know how much extra female investment affects offspring fitness in swordtails, research on a related species suggests that differences in size at birth have large consequences for fitness (Bashey 2008) . Therefore, our findings suggest that reproductive compensation may occur in scenarios outside the one modeled by Harris and Uller (2009) . Our study underscores that maternal investment in offspring size and number is influenced by multiple factors, including female experience, mate attractiveness, and physical traits like maternal size.
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Figure 2
The estimated relationship between female fecundity and female size increases more rapidly in females mated to low-food males (dark gray points, dotted line) than in high-food males (light gray points, solid line). The shaded margins are estimates of the 95% CIs. We included females with a clutch size of zero in the analysis, as these females were mature and were included in the statistics.
